Introduction
Innate immunity represents the first line of defense against invading pathogens. Tissueresident immune cells including macrophages and dendritic cells (DCs) are the first immune cells to encounter infectious agents. Recognition of infecting pathogens within these cells is performed by now well-known pattern recognition receptors responding to conserved microbial structures 1 . Among these receptors Toll-like receptors (TLRs) have been identified as playing a pivotal role and indeed, both macrophages and dendritic cells express TLRs 2-4 . In macrophages TLR stimulation activates the anti-microbial weaponry including increased phagocytosis 5 ; in dendritic cells migration into lymph nodes, antigen presentation, cytokine secretion and subsequent activation of adaptive immunity 6 are enhanced. Interestingly, both of these primary pathogen-encountering cells can develop from monocytes which thus serve as common progenitors. Differentiation is regulated by cytokines from the environment and immune cells among which macrophage colony stimulating factor (M-CSF) and granulocytemacrophage colony stimulating factor (GM-CSF) are of ultimate importance.
Although it is well accepted that TLR stimulation activates macrophages and dendritic cells there is only limited information as to a role of TLRs during differentiation processes. Thus, it is largely not known whether TLR stimulation affects the replenishment of tissue-resident macrophages and dendritic cells from monocytes. This question is of significance as it might suggest a role for infectious stimuli to influence and guide the cellular composition of inflammatory responses.
It has been reported that migration of dendritic cells from local tissue to lymph nodes can be inhibited by intra-dermal administration of either whole Salmonella typhimurium or simply by LPS in a TLR-4 dependent manner 7 . Another study showed that administration of LPS during the early stage of differentiation of human monocytes to DCs diminished the generation of CD1a + DCs 8 . This was confirmed by another group demonstrating that this blocking effect of LPS depends on activation of mitogen-activated protein kinase p38 9 . However, the exact only.
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Myeloid dendritic cell differentiation depends on the activity of GM-CSF, a cytokine that signals through Janus-kinases (JAKs) and signal transducers and activators of transcription (STATs), especially JAK2 and STAT5 10 . Suppressor of cytokine signaling proteins (SOCS) have been identified as intracellular feedback inhibitors of JAK/STAT signaling 11-13 .
Furthermore SOCS-1 has been shown to negatively regulate JAK2 and GM-CSF signaling by inhibiting phosphorylation 14 as well as proteasomal targeting 15 of JAK2. Accordingly, SOCS-1 knockout mice, in spite of a lethal phenotype due to hypersensitivity 16, 17 towards IFN-γ, also exhibit hyperresponsiveness to GM-CSF 18, 19 .
We and others have shown that TLR stimulation in innate immune cells results in the induction of various SOCS members thereby regulating the responsiveness to cytokine stimulation as shown in detail for IFN-γ [20] [21] [22] . We now tested the hypothesis that by means of induction of SOCS proteins TLR-dependent signals influence differentiation of DC from precursor cells.
We show that in human as well as murine precursor cells TLR stimulation inhibits DC differentiation. We exclude paracrine factors to be responsible for this effect but show that SOCS proteins are induced. Moreover, induced or transfected SOCS-1 inhibits GM-CSF signaling and also mimics the inhibitory effects of LPS during in vitro DC generation. 
Materials and Methods

Reagents and cells. Highly purified lipopolysaccharide from
Results
LPS inhibits the development of immature DCs from human monocytes.
In the current study human DCs were generated using CD14 + monocytes from peripheral blood that were cultured for 6 days with GM-CSF and IL-4. Addition of LPS at day 0 to this cytokine cocktail led to the development of cells which mimicked morphologically monocytes (light microscopy, data not shown). These similarities in morphology were also apparent in flow cytometric analysis (Fig. 1B) . GM-CSF receptor expression was not altered (data not shown).
These LPS-induced blocking effects were dose-dependent and even observed at low doses of 100 pg/mL LPS ( Cells generated in the presence of LPS were further characterized for their functional
properties. Phagocytotic activity of differently generated cells was tested by measuring the uptake of FITC-labelled latex beads (Fig. 1F) . These experiments revealed that the phagocytotic activity of LPS-generated cells was much higher than that of GM-CSF/IL-4 generated DCs and comparable to completely un-stimulated CD14 + cells. Furthermore, restimulation of cells on day 6 with LPS showed an impressively altered cytokine profile of LPS-treated cells. While they were still able to secrete IL-6 they failed to produce IL-12p40
and TNF-α (Fig. 1G ). In contrast, IL-10 was inducible in comparable amounts from both cells types. The capacity to induce T cell activation, a hallmark of DCs, was examined in allogenic only.
For personal use at PENN STATE UNIVERSITY on February 22, 2013. bloodjournal.hematologylibrary.org From and autologous mixed lymphocyte reactions. The autologous MLR was set up using the superantigen streptococcal pyrogenic exotoxin C (SPEC). In allogenic MLR LPS-generated APCs turned out to be weak activators of T cell proliferation, comparable to nondifferentiated CD14 + cells (Fig. 1H ). In contrast, DCs cultivated with GM-CSF/IL-4 were strong T-cell stimulators. However, in the autologous setting LPS-treated cells were able to induce T-cell proliferation albeit at slightly lower efficacy (Fig. 1I ).
TLR stimulation inhibits DC generation from murine bone marrow cells. Next we wanted to
analyze whether the results obtained in the human monocyte/DC system corroborate in a murine DC model. Therefore we generated myeloid dendritic cells from bone marrow cells (BMC) by addition of GM-CSF. In parallel, BMC were stimulated once at day 0 with either LPS or CpG-ODNs which signal via TLR4 and TLR9, respectively. Cells were analyzed at day 9. In contrast to conventional DCs expressing CD11c to about 60-70%, LPS or CpG treatment reduced CD11c positive dendritic cells to 15% and 10% ( Fig. 2A) . These results were concordant with a reduced expression of MHC-class II. However, each cell type expressed the myeloid marker CD11b equally and LPS-or CpG-treated cells had an increased F4/80 expression. Compared to DC generation by GM-CSF alone, cell yields at day 9 were lower when cells were treated with LPS (49±27% of control cells) or CpG-DNA (41±32%) at the beginning of the culture period. Functionally, LPS-or CpG-treated cells showed reduced levels of IL-12 upon re-stimulation at day 9 with LPS, but were more effective in the production of TNF-α (Fig. 2B) . Furthermore, these cells showed an increased phagocytotic capacity (Fig. 2C) . Regarding activation of naive T-lymphocytes we observed that only conventional DCs but not cells treated with LPS or CpG induced proliferation of CD90-sorted T-cells in an allogenic MLR (Fig. 2D ). In the murine system TLR stimulation inhibited DC generation when given up to day 4 during the 9-day differentiation period (data not shown) but at later time points cells differentiated to dendritic cells with even a more mature phenotype (MHC-class II expression, co-stimulatory molecules). Taken together, the data in only.
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TLR stimulation inhibits DC generation in a direct manner. From the results obtained so far it
was obvious that TLR-stimulation during GM-CSF mediated DC generation suppresses the development of functional DCs. This can be due either to a direct effect of TLR-simulation within the precursor cells or be due to secreted, negative regulatory intermediates. Since TLR effects were operative in both the human and the murine system we set up a transwell culture composed of murine bone marrow cells from either TLR9 -/-KO mice or TLR4-defective C3H/HeJ mice together with the respective wildtype controls. In the wt/TLR9 -/-culture LPS inhibited DC generation in both cell compartments; in contrast, CpG-ODN administration led only to an inhibition of CD11c expression in wt cells (Fig. 3A) . In TLR9 -/-cells CpG-ODN failed to affect DC generation. The HeN/HeJ culture system confirmed these findings ( 
TLR-stimulation results in SOCS induction.
To further elucidate the mechanisms by which TLR stimulation interferes with DC development we examined the induction of SOCS-family members CIS, SOCS-1 and SOCS-3 ( Fig. 4A-C) . We observed basal expression of either SOCS in non-stimulated human monocytes with SOCS-1 being expressed at only low levels.
LPS induced expression of all of the tested SOCS-mRNAs, but strength and kinetics differed.
Upon LPS stimulation SOCS-3 expression increased rapidly already at 1 h after stimulation and SOCS-1 was induced beginning after 2 h. In contrast, CIS expression started to increase at 7 h post-stimulation. SOCS-3 showed peak expression at 7 h (18-fold) while SOCS-1 was maximal at 24 h post-stimulation (120-fold). Transcription of SOCS-1 and to a lesser extent of SOCS-3 and CIS stayed elevated during the whole culture period. Other TLR ligands only.
For personal use at PENN STATE UNIVERSITY on February 22, 2013. bloodjournal.hematologylibrary.org From (Pam 3 CysSK 4 , Poly[(I:C)] and FSL) were also able to induce SOCS-1 and SOCS-3 (Fig. 4E,   F ). We also analyzed expression of SOCS in the murine model after stimulation of BMC with LPS (Fig. 4D) . All of the SOCS family members were induced 6 h post-stimulation but only SOCS-1 and SOCS-3 remained elevated over 20 h. Since freshly prepared bone marrow is a mixture of different cells and since we used total RNA from this mixture it is difficult to deduce which cell types actually respond to TLR stimulation.
SOCS-1 and -3 are inhibitors of GM-CSF. Next we investigated whether LPS-induced SOCS
proteins are able to inhibit GM-CSF signaling. The strong induction of SOCS upon LPS suggested that if inhibition of GM-CSF signaling is due to induction of SOCS, inhibition should be time-dependent. To this we analyzed the phosphorylation of STAT-5 (pY-STAT5) induced by addition of GM-CSF to cells pre-stimulated with LPS. Pre-treatment of monocytes prior to short stimulation with GM-CSF indeed showed a significant loss of phosphorylation of pY-STAT5; these inhibitory effects increased within a time frame of 1 to 4 h (Fig. 5A) which paralleled SOCS-3 and -1 induction (Fig. 4) . Next we analyzed murine macrophages stably over-expressing either of the SOCS proteins for inhibition of GM-CSF (Fig. 5B) . We observed that in the murine system SOCS-1 and to a lesser extent SOCS-3 were able to reduce GM-CSF mediated activation of STAT5.
SOCS-1 inhibits DC differentiation in vitro.
To further substantiate that SOCS proteins are operative in TLR mediated inhibition of DC differentiation we over-expressed SOCS in DCprecursors by means of retroviral transfer. Only low virus titers could be applied during the differentiation period, otherwise a reduction in DC generation occurred which was independent of the respective SOCS constructs and even independent of productive infection (as assessed by GFP expression) (data not shown). It is therefore probable that at high concentrations the virus preparation itself has substantial TLR activity that inhibits DC generation. Using lower titers of the respective viruses it turned out that in the murine system cells which expressed SOCS-1 upon retroviral transfer (GFP-positive) failed to differentiate
+ DC, i.e. SOCS-1 was able to inhibit GM-CSF mediated differentiation to DCs (Fig. 6A) . Non-infected cells (GFP-negative) in the same experiment showed equal expression of CD11c ruling out soluble mediators or unspecific actions at the chosen conditions (Fig. 6B) . However, it cannot be ruled out that SOCS-3 also contributes to GM-CSF inhibition because we did not test combinations of different SOCS.
Discussion
Our experiments indicate that TLR stimulation during the generation of myeloid DCs from precursor cells inhibits differentiation to typical DCs as determined by phenotype and function. This outcome could be observed in human as well as murine model systems.
Moreover, ligands for TLR-4, TLR-2 as well as TLR-9 (murine system) were effective to impede with differentiation of DC. The capacious characterization of the nature of this DC "block" extends earlier findings 8,9 and furthermore indicates that interfering with DC differentiation is a general property of TLR signaling. Human monocytes remained CD14
positive in the presence of LPS and failed to express CD1a. In addition, they showed lower expression of co-stimulatory molecules and secreted less IL-12 and TNF upon re-stimulation.
LPS-treated cells were less effective in inducing an allogenic MLR, yet were only minor hampered to stimulate an autologous reaction with SPEC. However, the capacity to phagocytose remained high which indicates that the cells are not merely hypo-responsive as observed in the situation of LPS tolerance 25 . Instead these cells appear to be arrested in an early differentiation step. LPS-treated cells had a somehow macrophage-like phenotype and resembled the cells described by Palucka et al 8 . These results were confirmed in a murine in vitro system, with the only exception that re-stimulated TNF production was not affected.
These observations might be of clinical interest since LPS-induced arrest was observed at LPS concentrations in the low ng range which can be found in blood during sepsis. . Accordingly, we observed that LPS pre-stimulation resulted in a time-dependent inhibition of GM-CSF signaling and this went along with the kinetics of SOCS induction.
Individual SOCS proteins are able to inhibit a variety of different cytokines 28 and in general the induction of SOCS upon cytokine stimulation is indicative that the respective cytokine is regulated in a feedback mode. In a slightly different system it has also been observed that SOCS-1 and SOCS-3 are induced in immature DCs by addition of IL-4 and GM-CSF, respectively 29 . GM-CSF signaling, on the other hand, is subject to inhibition by SOCS-1.
JAK2 is inhibited by SOCS-1 either via proteasomal degradation 15 or by interference with JAK2 phosphorylation 14 . In addition, IL-5, IL-3 and GM-CSF which all use the beta-common chain and JAK2 are negatively regulated by SOCS-1. We show here that LPS-induced SOCS expression inhibits GM-CSF signaling and that over-expression of SOCS-1 and to a lesser extent of SOCS-3 in murine macrophages resulted in a marked reduction of GM-CSF mediated STAT5 phosphorylation.
only.
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The fact that SOCS-1 knockout mice also display defective GM-CSF signaling further corroborates our conclusion. Despite the prominent role of SOCS-1 for IFN-γ signaling it has also been shown that hematopoetic progenitor cells of SOCS-1 knockout mice have an increased sensitivity to GM-CSF but not to M-CSF 18, 19 . It is noteworthy that CSF-1-receptor belongs to the receptor-tyrosine kinase family which in general is no reported target of SOCS proteins. This could explain why TLR stimulation results in inhibition of GM-CSF mediated DC formation but has no effects on the generation of a more macrophage-like phenotype which possibly is due to effects of intrinsic CSF as a kind of default pathway. Indeed, it has been shown that SOCS proteins do not inhibit CSF-mediated macrophage differentiation while IL-6 signaling was sensitive to SOCS actions 30 . Further confirmation for our hypothesis comes from the fact that over-expression of SOCS-1 in DC-progenitors results in diminished DC formation. It cannot be ruled out at present that further SOCS proteins contribute to the observed inhibitory effects; however SOCS-3 and CIS knockout mice have no reported defect in GM-CSF signaling 31 although CIS is able to interfere with JAK-STAT5 signaling 32 . SOCS- For personal use at PENN STATE UNIVERSITY on February 22, 2013. bloodjournal.hematologylibrary.org From
